The local burning velocity, which is based on the consumption rate of the unburned mixture, is one of the dominant parameters in turbulent premixed flames. In this study, the evaluating method of the local burning velocity was investigated using DNS data of turbulent premixed flames with different Lewis numbers. The local burning velocity was evaluated by integrating the chemical reaction rates along normal to the flame surface within three kinds of integration ranges that were defined as follows: the range which is defined by the half length of normal to the flame surface between its certain point and the other point crossing the flame surface (Range 1); the range which is defined by the reaction progress variable that the chemical reaction rate along normal to a planer flame surface takes a half of the maximum value (Range 2); the range which is defined by the length of normal to the flame surface between its certain point and the point which has the extreme value of the reaction progress variable (Range 3). As a result, Range 1 and Range 2 were affected by the flame shapes greatly, since the quantities of the integration ranges fluctuated widely dependent on the variations of turbulent premixed flames. Under the conditions of the turbulent combustion in this study, Range 3, which is hardly affected by a flame shape, is considered to be appropriate to the evaluation of the local burning velocity.
Introduction
The local burning velocity is one of the dominant parameters on the local structure of turbulent premixed flames.
The local burning velocity is the instantaneous quantity based on the local consumption rate of the unburned mixture [1] . Burning velocity should be the quantity based on the chemical reaction rate because combustion is a kind of chemical reactions. Therefore, the local burning velocity is considered to be the most appropriate burning velocity in terms of the definition, and has been used for many kinds of studies on turbulent premixed flames.
Haworth and Poinsot [2] investigated the effects of the Lewis number, Le, which is defined as the ratio of the thermal diffusion to the mass diffusion, on the local and global flame structure using two-dimensional DNSs of turbulent premixed flames with single-step overall chemical kinetics. They reported that the local burning velocity was affected by the Lewis number, and was more strongly correlated with the flame curvature than with the tangential strain rate. Rutland and Trouvé [3] implemented three-dimensional DNSs of turbulent premixed flames with single-step overall chemical kinetics, and found that the local burning velocity had a strong and nearly linear correlation with the flame curvature for Le ≠ 1, and had no correlation for Le = 1. Chen and Im [4] investigated correlations of the local burning velocity with the flame stretch rate, flame curvature, and tangential strain rate using two-dimensional DNSs for hydrogen/air turbulent premixed flames with detailed chemical kinetics for different equivalence ratios. Bell et al. [5] explored the correlation of the local burning velocity with flame curvature using two-dimensional numerical simulations based on a low Mach number formulation for different fuels, including hydrogen, methane, and propane. They reported that the correlation varied with the different fuels. Day et al. [6] investigated the detailed behaviour of premixed flames and reported a correlation of the local burning velocity with the flame curvature using the same numerical method for hydrogen/methane/ air premixed flames. Han and Huh [7] carried out three-dimensional DNS investigations of turbulent premixed flames with single-step overall chemical kinetics and examined the temporal variations of the local burning velocity for the different turbulence intensities at different Lewis numbers.
In this study, the effects of the integration range of the chemical reaction rates on the evaluation of the local burning velocity were investigated using DNS data of turbulent premixed flames with different Lewis numbers.
Numerical Method

DNS Data
The DNS database used for the numerical analysis of the local burning velocity evaluation was constructed with different Lewis numbers. These were Le = 0.8, termed case Ml; Le = 1.0, termed case Mm; and Le = 1.2, termed case Mh. The simulations were carried out using the PRIMEPOWER HPC2500 installed at Nagoya University [8] . Details of the database are given in Table 1 , and the computational domain is shown in Figure 1 . The governing equations for constructing the database were the conservation of mass, chemical species, energy, and momentum (compressible Navier-Stokes equations), and the equation of state for an ideal gas. The database was constructed using a sixth-order central finite difference scheme in the mean flow direction and a spectral collocation method in the directions perpendicular to the mean flow for spatial discretisation. A third-order three-step Runge-Kutta method was used for the time evolution and an overall single-step irreversible reaction was used to describe the chemical kinetics. The inflow and outflow boundaries were described on the basis of Navier-Stokes characteristic boundary conditions (NSCBC) [9] [10], and the lateral boundaries were periodic. The computational domain was 8 mm in the mean flow direction and 4 mm in the directions perpendicular to the mean flow; 512 and 128 grid points were used in the respective directions. At the inflow boundary, preliminary calculated homogeneous isotropic turbulence with a cycle of several milliseconds was used, with a mean inflow velocity assuming Taylor's hypothesis of frozen turbulence with a phase shift. Initially, a laminar premixed flame was formed, which grew to form a turbulent premixed flame. The inflow velocity of the unburned mixture was adjusted while monitoring the turbulent burning velocity until the turbulent premixed flame became fully developed and stabilised. The instantaneous turbulent burning velocity varied temporally; however, the time-averaged turbulent burning velocity, which can be measured experimentally, was steady. The database was constructed without changing the inflow velocity. Each case in the database consisted of almost 200 sampled data points at 51.68-μs intervals (which was longer than the DNS time step). The conditions described in the database correspond to the boundary between wrinkled flamelets and corrugated flamelets in the turbulent combustion regime diagram [11] . Further details of the calculation method to construct the DNS database can be found in Nishiki et al. [12] [13] and Nishiki [14] .
Evaluation of Local Burning Velocity
The local burning velocity, u L was defined by integrating the chemical reaction rates along normal to the flame surface as follows:
where ρ u is the density of the unburned mixture, Y u is the mole fraction of the unburned mixture, ̇ is the chemical reaction rate, and n is normal to the flame surface. The flame surface was defined by the prescribed isosurface of the reaction progress variable
where T is the temperature, T u is the temperature of the unburned mixture, and T a is the adiabatic flame temperature. In this study, the reaction progress variable is prescribed as c T = 0.9, where the chemical reaction rate has a maximum value along normal to the flame surface. It is necessary to define the integration range of the chemical reaction rates appropriately when the local burning velocity is evaluated. In the evaluation of the local burning velocity at a given point at the flame surface, the normal to the flame surface at the point may cross the flame surface at another point. To avoid this problem, in this study, three kinds of the integration range were considered. First, the schematic of the integration range, termed Range 1 is shown in Figure 2 . At a given point on the flame surface, we evaluated the distance of the normal between the given point on the flame surface and the other point crossing the flame surface, and then obtained half of the distance between these points. This procedure was implemented for all the points where the flame surface intersected with the grid lines, and then the minimum distance was obtained. The integration of Equation (1) was carried out within the obtained distance as one side of the integration range [8] . Second, the schematic of the integration range, termed Range 2 is shown in Figure 3 . The conditions of this study lies in the boundary between wrinkled flamelets and corrugated flamelets in the turbulent combustion regime diagram [11] . In the regime, the turbulent flame is considered to be locally the assembly of laminar flamelets. At a given point on the flame surface, we found the points which has a half of the maximum chemical reaction rate along normal to the flame surface, and then obtained the corresponding c T to the points in the both sides of the unburned mixture and the burned product. Subsequently, the distance between the given point on the flame surface and the c T in the each side was evaluated. This procedure was implemented for all the points where the flame surface intersected with the grid lines, and the minimum distance the each side was set up as the integration range for all the points on the flame surface. Finally, the schematic of the integration range, termed Range 3 is shown in Figure 4 . At a given point on the flame surface, we evaluated the distance between the given point on the flame surface and the point which has the extreme value of c T along normal to the flame surface. This procedure was implemented for all the points where the flame surface intersected with the grid lines, and then the minimum distance was obtained. The obtained distance was set up as the integration range for all the points on the flame surface.
All kinds of the integration range were at least the thickness of an unstretched flame, 0 f δ , and evaluated at each sampled data.
Results and Discussion
Temporal variations of the integration ranges of the local chemical reaction rates for the local burning velocity evaluation with the different Lewis numbers are shown in Figure 5 . In all Lewis number cases, the integration range fluctuated temporally because turbulent premixed flames varied temporally. The temporal variations of the integral ranges increased with Lewis number regardless of the definition of the integration range. When Lewis number is smaller than unity, a flame is unstable and is wrinkled largely. One element on the wrinkled flame surface approaches other element frequently, thus the integration range is limited. On the other hand, when Lewis number is greater than unity, a flame is stable and is wrinkled gently. In this case, the flame elements rarely approach each other. Therefore, a stable flame with higher Lewis number often leads to the wide spread of the integration range. In the case of Range 1, the integration range was wider and fluctuated greatly. This is due to the definition of Range 1 depending on the shape of the flame surface. The integration range in Range 2 was also wider, however, the fluctuation was more gentle than that in Range 1. In Range 2, the integration range is defined by the corresponding range of c T to the full width at half height of the maximum chemical reaction rate on the point of the flame surface, thus the flame shape has the lower impact on Range 2 than Range 1. In contrast, the integration range in Range 3 was narrower and slightly fluctuated. Range 3 is defined directly by c T , which is used for the definition of the flame surface, and thus Range 3 is little subject to the flame shape.
The probability density functions (pdfs) of u L evaluated by three kinds of the integration ranges with the different Lewis numbers are shown in Figure 6 . u L was nondimensionalised by the unstretched laminar burning velocity, 0 L u . Note that very low peaks around 0.5 in case Mm and Mh are due to little inaccurate integration nearby the boundary of the computational domain. According to the other work [15] , the reason why the profiles and modes of the pdfs were dependent on Lewis number was the deviation of the local chemical reaction rates along normal to the flame surface with the different Lewis numbers. In all Lewis number cases, the pdfs of Range 1 and Range 2 were almost the same profiles. In addition, the modes in Range 1 and Range 2 were lo- From the discussion above, the definition of Range 3 is considered to be appropriate to the evaluation of the local burning velocity in turbulent premixed flames under the conditions of this study.
Conclusion
The local burning velocity, which is considered to be the most appropriate definition of burning velocity in turbulent premixed flames, was evaluated by three kinds of the integration ranges using DNS data of turbulent premixed flames. It was found that the integration range defined by the directly prescribed reaction progress variable, which is used for the definition of the flame surface, is the most appropriate to the evaluation of the local burning velocity in turbulent premixed flames under the conditions of this study. The new technique to define the integration range, which was proposed in this study, is simple and accurate, and is considered to be available for the conditions of turbulent combustion that the flame thickness varies clearly.
